IFN regulatory factor-8 (IRF-8, previously known as ICSBP) is a key transcription factor driving the differentiation of granulocyte\monocyte progenitor (GMP) cells toward monocyte\macrophage lineage. The promyelocytic leukemia (PML) gene is an immediate target gene regulated by IRF-8 in response to IFN-g activation. PML is a multifunctional protein that has many isoforms serving as the scaffold components for nuclear bodies (NBs) engaged in numerous proteins interactions. The role of PML in the retinoic acid pathway that drives GMPs to granulopoiesis is documented in the literature. Here, we show that PML is also involved in monopoiesis by mediating some of the IRF-8 activities during the differentiation of murine-derived bone marrow macrophages (BMMs). PML silencing resulted in altered expression level of key transcription factors essential for monopoiesis that was accompanied by silencing of typical myeloid-specific genes. Interestingly, this altered expression resembled that of the GMPs and that of BMMs derived from IRF-8 2/2 mice altogether supporting the role of PML in monopoiesis. Further, PML silencing led to reduced colony-forming capacity of bone marrow cells highlighting the dual function of PML in myelopoiesis. Last, PML overexpression only partially rescued the phenotype of IRF-8 2/2 BMMs. Together, our data show that PML is an important factor for monopoiesis and not solely for granulopoiesis. This suggests that PML-NBs respond to an incoming signal that affects the fate of GMP driving cell differentiation to granulocytes or monocytes.
Introduction
Bone marrow (BM)-derived hematopoietic stem cells give rise to lineage-specific progenitors among which is the common myeloid progenitor cell that can further differentiate to granulocyte\monocyte progenitor (GMP). The latter is the source for two subsets of myeloid cells: granulocytes and monocytes. Transcription factors play key roles in determining this differentiation process through the regulation of a characteristic set of lineage-specific target genes (1) (2) (3) .
IFN regulatory factor-8 (IRF-8, previously known as ICSBP) is a transcription factor playing a key role in directing GMP differentiation toward monocyte\macrophage lineage while inhibiting granulopoiesis (4) . This is manifested in IRF-8 À/À mice that exhibit unbalanced myelopoiesis, low number of macrophages and excess production of granulocytes. IRF-8 null mice eventually develop a syndrome that resembles the human chronic myelogenous leukemia (CML) (5) . Likewise, CML and acute myelogenous leukemia (AML) patients exhibit low levels of IRF-8 in periphery blood cells that return to normal upon remission, underscoring the role of IRF-8 as suppressor of myeloleukemias (6) . This IFN-c-inducible gene elicits its transcriptional activity through the association with other transcription factors such as other IRF members (IRF-1 and IRF-2) or non-IRF members such as PU.1, essential for hematopoiesis (7) . IRF-8 is essential not only for normal monopoiesis but also for the proper function of the mature cells (8) (9) (10) . Target genes regulated by IRF-8 in mature activated macrophages were identified (11) , among which was the promyelocytic leukemia (PML) gene (12) . PML is a multifunctional gene initially discovered due to its involvement in chromosomal translocation in acute promyelocytic leukemia (APL), a distinct subtype of myeloid leukemia (13) . PML has many isoforms and most of them serve as scaffold proteins for sub-nuclear structures termed PML-nuclear bodies (NBs) (14) . PML-NBs associate with numerous proteins and therefore were implicated in a variety of cellular processes, such as cell cycle regulation, apoptosis, proteolysis, tumor suppression, DNA repair, transcription and hematopoietic differentiation [for review, see (15) (16) (17) (18) ]. Interestingly, PML À/À mice exhibited a marked reduction in granulocytes and monocytes in the BM and periphery blood, implying impaired capacity for terminal differentiation of the myeloid precursor cells (19, 20) . Further, PML was implicated in the retinoic acid (RA) pathway that drives GMPs to granulopoiesis through the binding to its receptor complex RA receptor alpha (RARa)-retinoid X receptor (14, (21) (22) (23) .
Since IRF-8 is one of the major transcription factors that orchestrate monopoiesis, we investigated whether its downstream target gene, PML, is also engaged in this differentiation path. Using small hairpin RNA (shRNA) gene knockdown (KD) approach, we show that PML is involved in monopoiesis. PML silencing in BM-derived progenitors treated with M-CSF interfered with the normal monopoiesis process that was characterized by a significant change in the expression level and pattern of typical genes. Hence, the developing macrophages were defective in distinct activities, such as expression of inflammatory cytokines, nitric oxide (NO) secretion and phagocytosis.
Methods

Animals
The mouse strains, C57BL/6J (Harlan Biotech, Rehovot, Israel) and IRF-8 À/À (1), were maintained in microisolator cages in a viral pathogen-free facility. All animal works conformed to the guidelines of the animal care and use committee of the Technion.
Cell lines and isolation of BM cells
Murine macrophage cell line, RAW264.7, was obtained from American Type Culture Collection (ATCC). Cells were maintained in RPMI 1640 (Biological Industries Ltd., Kibbutz Beit-Haemek, Israel) supplemented with 40 lM b-mercaptoethanol, 10% heat-inactivated FCS (Sigma-Aldrich, St Louis, MO, USA) and antibiotics.
The 293FT cells (ATCC) were maintained in DMEM (Biological Industries Ltd.) supplemented with 10% heat-inactivated FCS, 2 mM glutamine, 2.5 lg ml À1 non-essential amino acids and antibiotics.
Bone marrow macrophages (BMMs)-BM cells were isolated from femurs and tibias of the various mouse strains and cultured in DMEM supplemented with 30% CCL1 cell culture supernatant (source for M-CSF), 20% heat-inactivated FCS and antibiotics. After 7 days of cultivation, typical BMMs were obtained.
GMPs-BM cells were isolated as described above and grown in DMEM supplemented with 10% heat-inactivated FCS, 2 mM glutamine, 10 ng ml À1 recombinant mouse stem cell factor (rmSCF), 10 ng ml À1 recombinant mouse granulocyte macrophage colony-stimulating factor(mGM-CSF), 10 ng ml À1 rmIL-3 (Peprotech, Rocky Hill, NJ, USA) and antibiotics. The retroviral bicistronic vectors pMSCV-IRES-EGFP and pMSCV-IRF8-IRES-EGFP were previously descried (24) . Murine PML1 cDNA was cloned by reverse transcription PCR from cDNA derived from IFN-c-activated RAW264.7 macrophage cell line. The DNA sequence was identical to that available in the GeneBank (NM_008884). The amplified fragment was cloned to pGEM-T Easy plasmid vector system (Promega, Madison, WI, USA). PML1 was excised by BamHI and EcoRV and cloned to pMSCV-IRES-EGFP digested first with BamHI, the sticky ends were blunt ended by Klenow enzyme and the plasmid was next digested with BglII before ligation. Retroviruses and lentiviruses were generated as described (24, 25) .
Transduction of RAW264.7 cells-5 3 10 5 cells per well--were seeded in a six-well plate in a final volume of 2 ml. Twenty-four hours later, 1 ml of medium was removed and replaced with 1 ml of viral supernatant and Polybrene was added to a final concentration of 8 lg ml À1 . The plates were spinoculated at 1200 3 g for 90 min at 33°C. After 24 h, the medium was replaced with fresh medium and 1 day later the transduced cells were selected with Puromycin (3 lg ml À1 ) for additional 4 days. Transduction of BM-derived cells-7.5 3 10 5 cells per well-were seeded in a 12-well plate in a final volume of 1.5 ml and 16 h later, the cells were transduced with lentiviral vectors, 0.5 ml of medium was removed and replaced with 0.5 ml of viral supernatant and Polybrene was added to a final concentration of 8 lg ml À1 . The plates were spinoculated at 1200 3 g for 90 min at 33°C. After 24 h, 1 ml of the medium was replaced with fresh medium supporting macrophage differentiation (as described above) and 24 h later, puromycin (3 lg ml À1 ) was added to select for lentiviraltransduced BMMs that fully differentiated within 4-6 days.
Real-time RT-PCR analysis
One microgram of total RNA was reverse transcribed to cDNA using High Capacity cDNA Reverse Transcriptase kit (Ambion, Austin, TX, USA) according to the manufacturer's protocol. cDNA was amplified with two primers for each gene using Power SYBR Green PCR Master Mix (Applied Biosystems, Foster City, CA, USA) and Applied Biosystems 7300 real-time PCR System (Applied Biosystems) according to the manufacturer's instructions. The amplification reaction condition was 95°C for 15 min followed by 40 cycles of 95°C for 10 s, 60°C for 20 s and 72°C for 15 s. Quantitative results of real-time PCR were assessed by determining the relative calculated concentration values. Using Primer3 software (Applied Biosystems), primers were designed to the following murine genes: PML, HPRT1, IRF-8, IRF-1, C/EBPa, PU.1, G-CSFR, c-fms, Egr-1, AML-1, SR-A, IL-1b, IL-6, IL-18, TNF-a, IL12p40 and IL-10 (detailed in supplementary Table 2 is available at International Immunology Online).
The estimated amount of transcripts was normalized to HPRT1 mRNA expression. The data are presented as the relative expression of the gene of interest compared with HPRT1.
Immunofluorescent staining
RAW264.7 cells were transduced with murine PML1 as described before (12) . The stably transduced cells were washed with PBS and cytospined to polylysine-coated glass slides. The cells were fixed for 20 min with 4% PFA and washed with PBS. The cells were permeabilized for 10 min with 0.05% Triton X-100, washed with PBS, blocked with 5% BSA and 10% normal goat serum for 30 min. The cells were then immunolabeled with rabbit anti-PML polyclonal primary antibody (1:1000, sc-5621; Santa Cruz Biotechnology, Santa Cruz, CA, USA) for 1 h, washed three times with PBS, incubated with Alexa Fluor 568 goat anti-rabbit secondary antibody (1:1000, A-11011; Invitrogen, Carlsbad, CA, USA) and washed three times with PBS. For the staining of chromatin, 4#,6-diamidino-2-phenylindole blue stain (Santa Cruz Biotechnology) was used for 5 min following two washes with PBS. Following mounting, fluorescence was visualized under fluorescent microscope.
Colony-forming assay
BM cells were seeded in methylcellulose solution (Methocult M3231; StemCell Technologies, Vancouver, Canada) according to the manufacturer's instructions. Briefly, 0.6 ml of cells in IMDM were added to 2.4 ml Methocult medium to a final concentration of 2500 cells per milliliter and GM-CSF (10 ng ml À1 ) was added and 1.1 ml was dispensed per 35 mm Petri plate in duplicate. Cultures were maintained at 37°C and 5% CO 2 in a humidified incubator for 14 days. Digital pictures were taken under light microscope and the number and size of the colonies were evaluated by image analysis software (NIS elements 3.0; Nikon).
Phagocytosis assay
BMM cells were seeded in six-well plates and activated overnight with IFN-c (100 U ml
À1
) and LPS (50 ng ml ). Poly(lactic-co-glycolic acid) (PLGA) green fluorescent microspheres, 0.1 mg, (a kind gift of Dr. Machluf, Technion, Israel) were added to each well and the plates were further incubated for 2 h in the dark. The cells were then washed twice with PBS to dispose the unphagocytized microspheres and subsequently observed under fluorescent microscope. Image analysis was performed by NIS elements 3.0 software (Nikon).
NO measurement
A Griess reagent system kit (Promega) was used to determine the nitrite anion (NO À 2 ) accumulation in BMMs supernatant according to the manufacturer's instructions. Briefly, BMMs were stimulated with LPS for 20 h. Fifty milliliter of supernatant was mixed with an equal volume of Greiss reagent, and the samples were incubated at room temperature for 20 min before the absorbance was determined at 550 nm. The concentration of nitrite produced was determined using a standard curve.
Statistical analysis
Each experiment was repeated three times yielding similar results and statistical significance was determined by Student's t-test with a P <0.05.
Results
Effective shRNA for PML silencing
In order to study the role of PML in the differentiation of myeloid progenitor cells to monocyte/macrophages and to study its importance for the normal function of the mature cells, RNA interference was employed. Four lentiviral vectors harboring different shRNA to murine PML mRNA were tested for effective silencing in transduced RAW264.7 cells (for details see Methods). The transduced cells were subjected to selection and the puromycin-resistant cells were either not activated or activated with IFN-c to induce PML expression. The most significant KD of endogenous PML mRNA was noted with one of the constructs, 40-485, designated hereafter shPML. PML expression was silenced by this construct regardless of cells status: activated or nonactivated (Fig. 1A) . This shPML was also very efficient in blocking endogenous PML-NBs formation even in RAW264.7 cells overexpressing murine PML1 cDNA (Fig. 1 , Panels C and D, respectively). Next, we tested the shPML-silencing efficiency in BMM cells. Twenty hours after extraction, BM cells were transduced with shPML or control lentiviral vectors. G-CSF and puromycin were then added for additional 6 days to select for shRNA-expressing BMMs. Real-time PCR analyses were performed to determine the expression level of genes in 7-days-old BMMs-expressing shPML relative to control. It is clear from Fig. 1 (B) that PML mRNA levels were knocked down by 85% in BMMs transduced with shPML in comparison to control vector as determined by real-time PCR. Similar results were also obtained with the construct 40-484 (data not shown). Taken together, the shPML is effective in silencing PML expression in primary as well as in cell linederived macrophages.
PML silencing affects the expression profile of myeloidspecific genes
In order to study the effect of PML silencing on BMM differentiation and function, the level of key transcription factors regulating myeloid cell differentiation was first analyzed (26) . It is clear from Fig. 2 that PML silencing led to a reduction in the expression level of IRF-8, PU.1, AML-1 and IRF-1 (Fig. 2 , compare white and black columns). These transcription factors are key players in monocyte/macrophage cell differentiation. Moreover, C/EBPa level, which is known to be rapidly downregulated during monocytic differentiation (27) , was elevated. Exceptional was the expression pattern of the transcription factor Egr-1 that is essential for macrophage differentiation. As can be seen from Fig. 2 , Egr-1 expression was dramatically enhanced following PML-KD. It is possible that the upregulated level of Egr-1 represents a compensatory circuit for PML silencing that is essential for monocyte\-macrophage cell differentiation.
To further establish the fact that shPML interferes with genes expression profile during myelopoiesis, we examined the expression profile of a battery of myeloid-specific genes. The macrophage-associated genes that were studied are the SR-A and c-fms. SR-A belongs to the family of scavenger receptors (SRs) that play an important role in uptake and clearance of effete components. This receptor binds and internalizes microorganisms and their products and becomes markedly upregulated during the process of monocyte to macrophage differentiation (28, 29) . c-fms encodes for M-CSF receptor required for the differentiation, proliferation and survival of mononuclear cells (30) . c-fms Expression is restricted to monocytes/macrophages (30, 31) while no expression is found in granulocytes (31). The granulocyte-associated genes that were studied are the myeloperoxidase (MPO) and G-CSF receptor (G-CSFR). MPO is an important microbicidal protein present at high concentration in the primary granules of mature granulocyte (32) .
Its expression is restricted to a narrow window extending from the late myeloblastic to the premyelocytic stage of granulopoiesis (33) . G-CSFR is important to granulopoiesis and is highly expressed on the cell surface of granulocytes. It is clear from Fig. 2 (compare white and black columns) that the macrophage-associated genes SR-A and c-fms were inhibited as a result of PML silencing. Interestingly, also the granulocyte-associated genes, G-CSFR and MPO, were downregulated in PML-KD BMMs. However, as expected, the baseline expression level of these two granulocytespecific genes was very low in BMMs (data not shown).
We next compared the expression pattern of these genes between the PML-silenced BMMs and their progenitor cells. For that, BM-derived cells were grown in medium containing GM-CSF, IL-3 and SCF, essential cytokines for the proliferation of GMPs. These cells retain the potential to differentiate to granulocytes or macrophages when switched to proper growth medium containing G-CSF or M-CSF, respectively (data not shown). Interestingly, the data presented in Fig. 2 clearly demonstrate a significant similarity in the expression profile of the tested genes between the GMPs and the PML-KD BMMs (compare gray and black columns, respectively). Specifically, the expression levels of IRF-8, PU.1, AML-1, IRF-1, SR-A, c-fms and G-CSFR were lower in the GMPs relative to mature BMMs, similar to the observed levels in PML-silenced BMMs. As expected, GMPs differentiation to BMMs was accompanied by decrease in C/EBPa expression level, yet PML silencing resulted in moderate increase in the expression of this factor. It is interesting to note that GMPs express low level of PML, which is enhanced following differentiation to BMMs, underscoring the importance of PML in myeloid cell differentiation to macrophages.
Egr-1 and MPO deviated from this trend and did not exhibit the same pattern of expression between GMPs and PML-KD BMMs. As expected, Egr-1 expression level was negligible in GMPs compared with BMM, yet elevated following PML silencing (Fig. 2) . Similarly, MPO expression level was extremely high in the GMPs, low in the differentiated BMMs and even lower as a result of PML silencing (Fig. 2) .
Taken together, these data suggest that PML silencing leads to downregulation of key transcription factors and typical myeloid genes resulting in a gene expression profile that is similar to the precursor cells, underscoring the importance of PML in monopoiesis.
Gene expression profile of PML-KD BMMs is similar but not overlapping with IRF-8-KO BMMs
Our studies suggest that PML is a target gene that is regulated by IRF-8 (12) and therefore may delegate IRF-8 ability to direct the differentiation of GMPs toward macrophages. To address this possibility, BMMs derived from IRF-8 À/À mice were used. We first compared the expression profile of our selected battery of genes between BMMs derived from wild type (WT) and IRF-8-KO mice as well as PML-KD BMMs. As expected, the results clearly demonstrate an alteration in many myeloid-specific genes expressed by IRF-8-KO BMM compared with WT BMM (Fig. 3A , compare gray and white columns, respectively). Additionally, some of these genes exhibited similar expression pattern in both PML-KD and IRF-8-KO BMMs in comparison to the WT control cells. The expression level of IRF-8, PU.1, AML-1, IRF-1, PML, SR-A and G-CSFR were reduced and Egr-1 level was elevated, both in the IRF-8 null and PML-silenced BMMs (Fig. 3A , compare black and gray columns, respectively). Similarly, C/EBPa was slightly elevated in the IRF-8 null BMMs as well as in PML-silenced BMMs. In contrast, MPO and c-fms exhibited altered expression trends between the two cell types in comparison to the WT cells.
We next took a complementary approach to test whether PML could rescue the gene expression level of IRF-8 null BMM. BM cells from IRF-8 À/À mice were transduced with murine PML1, IRF-8 or empty bicistronic retroviral vector harboring EGFP at the second position (pMSCV-IRES-EGFP). Following transduction, selection for expressing cells was performed in growth medium supporting macrophage cell differentiation. The resultant BMMs were highly fluorescent indicating that the bicistronic cassette was effectively transcribed. It is clear from Fig. 3(B) that PML1 transduction rescued the expression level of some but not all the genes that were rescued by IRF-8. Among these genes are AML-1, IRF-1, C/EBPa and c-fms, while MPO levels were reduced in both IRF-8-and PML1-expressing cells. Conversely, PU.1, Egr-1, SR-A and G-CSFR expressions were not rescued by PML1 overexpression. Together, this implies that PML is only partially rescuing IRF-8 loss of expression suggesting that other IRF-8 target genes are essential.
PML is essential for GMP cell proliferation
The data presented thus far assign a role for PML in monopoiesis. To further understand the impact of PML on hematopoietic progenitors, we analyzed colony-forming ability of progenitor cells in semisolid medium (detailed in Methods). Twenty-four hours after retrieval, BM cells were transduced with lentiviral vectors, either coding or not coding for shPML. Following 3 days of selection for shPML expression, cells were seeded in methylcellulose-based medium in the presence of GM-CSF. Fourteen days later, the emerged colonies were analyzed. It is clear from Fig. 4 that the number and the average size of the colonies differ between the control cells (Fig.4 , Panels A and B) and the PML-silenced cells (Fig. 4 , Panels C and D). Image analysis revealed that PMLsilenced progenitors produced ;40% less colonies compared with the control (Fig. 4E) , and the average colony size was reduced by ;50% (Fig. 4F) . The difference in the number and size of the colonies points to the importance of PML for the proliferation of hematopoietic progenitor cell.
PML silencing affects some functions of mature macrophages
The impact of PML silencing on the various functions of mature macrophages such as cytokine expression, NO secretion and phagocytosis was next tested. BM-derived macrophages transduced with shPML or control lentiviral vectors were stimulated with LPS for 4 h and the expression level of various cytokines was measured by real-time PCR. The results in Fig. 5 (A) clearly demonstrate that PML silencing resulted in a reduction in the relative expression of the inflammatory cytokines IL-1b, IL-6 and IL-18. Moreover, PML silencing affected the anti-inflammatory cytokine IL-10 as well. On the contrary, the expression of TNFa and IL-12p40 was not affected in the PML-KD BMMs. This suggests a possible association between PML and the expression of various cytokines produced in activated macrophages. We next measured the mRNA level of iNOS in activated macrophages, which endows these cells with cytostatic or PML is essential for monopoiesis 291 cytotoxic activity against viruses, bacteria, fungi, protozoa, helminths and tumor cells. As seen in Fig. 5B , iNOS expression was significantly reduced in shPML-transduced BMMs. Accordingly, the basal level of nitrite produced in resting cells was negligible and elevated in control cells following induction with LPS. However, shPML-expressing BMMs exhibited significant lower NO production (Fig. 5C) . Interestingly, NO production in response to IFN-c stimulation was similar in shPML or control vector-transduced cells (data not shown).
We also tested the effect of PML expression on macrophage phagocytosis. BMMs expressing shPML or control vector were stimulated overnight with LPS and IFN-c and incubated with green fluorescent-labeled PLGA microspheres for 2 h to allow phagocytosis (see Methods for details). Following extensive wash, numerous images were taken under fluorescent microscope (Fig. 6, Panels A and B) . As can be seen in Fig. 6(C) , the phagocytic activity of shPML-expressing cells was reduced by ;27% in comparison to control cells-expressing control vector. This was determined by calculating the average green fluorescence per cell, which is indicative of phagocytosis. Together, our data suggest that PML expression is essential for the function of mature macrophages as well.
Altogether, our results suggest that PML silencing during monopoiesis leads to a significant change in the expression profile of myeloid/monocyte-specific transcription factors and functional genes in the developing macrophage. The fact that shPML is only partially blocking macrophage maturation suggests that unlike IRF-8, PML is essential but not obligatory for monopoiesis.
Discussion
Our previous study clearly demonstrated that PML is regulated by IRF-8 in myeloid cells (12) . This suggested that monopoiesis and suppression of CML attributed to IRF-8 may be delegated via its downstream target gene, PML. Therefore, in this communication, we demonstrate that in addition to the many roles attributed to PML, it is also a major factor driving monopoiesis.
PML silencing causes alteration in the expression pattern of myeloid-specific genes in BMMs Specific transcription factors are master switches of myeloid differentiation. Our results show that the expression levels of IRF-8, PU.1, AML-1 and IRF-1 were reduced in the PML-silenced BMMs, while the expression level of C/EBPa was significantly enhanced. Furthermore, the expression level of these transcription factors in the silenced cells was similar to that of the precursor cells, GMPs. These data suggest that PML silencing interferes with the differentiation program of BMMs. Formation of the earliest myeloid transcriptional network depends on PU.1 [for review, see (1)]. It is expressed at varying levels by different hematopoietic lineages. High PU.1 level supports the production of macrophages, whereas low PU.1 level seems to support granulocyte production (34, 35) . AML-1, also known as RUNX1, was identified through its involvement in chromosomal translocation (8, 21) leading to certain types of AML. Further, this factor is essential for the development of all hematopoietic lineages (36) . IRF-1 is another IRF member that in addition to IRF-8 is also essential for myelopoiesis (37) . As an interacting partner of IRF-8, IRF-1 is also critical for the expression of IL-12p40 subunit and KO mice for these two IRFs are devoid of Th1-mediated immunity. The transcription factor C/EBPa follows a reverse pattern; its expression is slightly higher in the GMPs compared with the BMMs and is further elevated as a result of PML silencing. This is compatible with previous studies demonstrating that C/EBPa is expressed in hematopoietic stem cells, myeloid progenitors and granulocytes and to a lesser extent in macrophages (27, 38) . Taken together, PML silencing leads to a significant skew in the expression pattern of these key transcription factors. Therefore, our data indicate that PML serves as an early mediator of transcription factors essential for myelopoiesis.
The expression level of the transcription factor EGR-1 was not silenced but rather significantly elevated in the PML-KD cells. Several lines of evidence indicate that EGR-1 promotes and restricts the differentiation of myeloid precursor cells to the monocytic lineage [for review, see (39) ]. For example, overexpression of EGR-1 in cell lines and primary BM promoted macrophage differentiation at the expense of other myeloid lineages (40) (41) (42) . Nevertheless, mice lacking EGR-1 develop normal numbers of macrophages (43) probably due to compensatory effects from other EGR family members (44) . Thus, we propose that EGR-1 overexpression in PML-silenced cells might represent a compensatory regulatory loop to bypass the loss of PML.
Deregulation of essential transcription factors for monopoiesis in PML-silenced BMMs suggests that the expression of myeloid-specific genes may follow the same pattern. This may reflect the fact that these genes represent direct or indirect outcome of the differentiation regulatory circuit. Expression analysis of myeloid-specific genes revealed that PML silencing resulted in lowered mRNA levels of several important myeloid associated genes, such as c-fms, MPO, iNOS, IL-1b, IL-6, IL-18 and IL-10 (Figs 2 and 5). These cytokines are all connected to the same regulatory circuit involving all or some of the transcription factors IRF-8, IRF-1 and PU.1 (30, (45) (46) (47) (48) (49) (50) . This set the molecular rational for the reduced phagocytic activity in the silent cells, a process that is orchestrated by multiple genes of which some are regulated by these key transcription factors (10, 51) .
PML is only partially rescuing loss of IRF-8 expression during monopoiesis
Myelopoiesis in IRF-8 null mice is skewed toward granulopoiesis on the expense of monopoiesis. This was reflected by the expression pattern of lineage-specific genes (52) . Since IRF-8 is a regulator of PML expression in myeloid cells, we therefore looked for similarities between the activities of these two linked genes on monopoiesis. To determine whether the target gene (PML) can fully compensate for the loss of the regulatory gene (IRF-8), we first compared gene expression pattern between IRF-8 null BMMs and PML-KD BMMs and observed significant similarities. Our results indicate that PML transduction to IRF-8 null BMMs rescued to the same extent as IRF-8 only part the genes typically associated with macrophages and granulocytes. This implies that PML delegates only part of IRF-8 activities suggesting that other factors that are directly regulated by IRF-8 are cooperating in this multicomponent differentiation process.
PML silencing affects colony formation potential of hematopoietic progenitors
The hematopoietic system represents a continuum of cells with changing phenotype and properties as they progress from stem cells to differentiated cells. Thus, stem cells are characterized by proliferation and differentiation index (53) . Examining the proliferative potential of PML-silenced myeloid precursors using standard colony-forming assay revealed a significant reduction in both the number and the average size of the colonies in comparison to control progenitors. These results coincide with previous study demonstrating that colony-forming ability of IRF-8 À/À BM cells is distorted (54) . Moreover, this is in-line with the reduced numbers of monocytes and granulocytes in peripheral blood and BM reported for PML null mice. Thus, PML À/À mice have an impaired capacity for terminal maturation of their myeloid cells (20) .
The decline in the number of colonies might be partially attributed to reduction in lineage-committed myeloid precursor cells, as the number of progenitor cells in the BM correlates with the number of the in vitro colonies (54) . Thus, reduced colony production points to the involvement of PML in directing the commitment of hematopoietic cells toward the myeloid lineage. These data concur with recent findings suggesting a role for PML in hematopoietic stem cell maintenance (55) .
The role of PML in driving granulopoiesis is already established. In this communication, we have broaden the scope of PML activity to monopoiesis as well. PML silencing in BM cells leads to distorted expression of key transcription factors. Consequently, a reduced proliferative index of the BM cells, as well as significant changes in the expression of typical genes in the matured cells, was noted. Among those typical genes are receptors, cytokines and phagocytosis components. However, changes in the expression level of typical myeloid transcription factors and functional genes do not lead to adverse phenotypic change since these cells still maintain typical cell surface markers and morphology of mature cells (data not shown). This suggests that compensatory regulatory pathways override this lack of PML. In that respect, we propose that EGR-1 is a component of such alternative differentiation route in accordance with its striking increased expression in both PML silent as well as IRF-8-KO cells. Out of the many isoforms identified for PML, we have recently shown that mainly PML isoform I is induced in activated human macrophages (12) . Further, different biological activities were assigned to each PML isoforms . Schematic illustration of the putative role of PML isoforms in myeloid cell differentiation. Incoming cytokine signals (indicated in the scheme) affect the fate of GMP differentiation to macrophages or granulocyte. Based on our results, we speculated that these incoming signals affect PML-NBs isoforms content (illustrated as cluster of circles) that in-return affect GMP cell differentiation. (14) . Together, the ratio between the different PML isoforms making up the scaffold for PML-NBs dictates the type of interactions with various nuclear proteins. This suggests that PML isoforms composition in NBs will vary between cell types and within a given cell, depending on external signals. As schematically illustrated in Fig. 7 , we speculate that PMLNBs act as nuclear niches being adapted by external cues such as RA, IFN-c, G-CSF, M-CSF and GM-CSF to accommodate and interact with a repertoire of factors to promote granulopoiesis or monopoiesis of myeloid progenitor cells.
Supplementary data
Supplementary Tables 1 and 2 are available at International Immunology Online.
Funding
